EXECUTIVE SUMMARY
The purpose of this study is to investigate the potential impacts of migrating radionuclides from the activation zone around the proposed Spallation Neutron Source (SNS). Using conservatively high estimates of the potential inventory of radioactive activation products that could form in the proposed compacted-soil shield berm around an SNS facility on the Oak Ridge Reservation (ORR), a conservative, simplified transport model was used to estimate the potential worst-case concentrations of the 12 long-lived isotopes in the groundwater under a site with the hydrologic characteristics of the ORR.
Of the 12, only 3 isotopes showed any potential to exceed the U.S. Nuclear Regulatory Commission (NRC) 10 Code of Federal Regulations (CFR) Part 20 Drinking Water Limits (DWLs). These isotopes were 14 C, 22 Na, and 54 Mn. The latter two activation products have very short half-lives of 2.6 years and 0.854 year, respectively. Therefore, these will decay before reaching an off-site receptor, and they cannot pose off-site hazards. However, for this extremely conservative model, which overestimates the mobility of the contaminant, 14 C, which has a 5,730-year half-life, was shown to represent a potential concern in the context of this study's conservative assumptions. This study examines alternative modifications to the SNS shield-berm and makes recommendations.
INTRODUCTION
This work reports a preliminary assessment of the potential for radioactive activation products to migrate from within the soil shield berm, which is to be around the beam tunnels 1 of the proposed SNS. Using conservative models of the near-field (#10-m) transport mechanisms within and adjacent to the shielding berm, this study estimates the potential rates and quantities of radionuclides that could be released following 30 years of continuous accelerator operations and during the initial postclosure period of a "mothball and abandon-in-place" decommissioning scenario.
This study recommends modifications to the current compacted-soil shield-berm design to mitigate the potential migration of the activation products. This work also suggests laboratory * 1 GeV = 1 gigaelectron volt = 1.60219 × 10 !10 joule, where 1 joule = 1 newton × 1 m .
analyses to verify the conservatism of this study and to measure key transport parameters on the site-specific native soils and proposed shield-berm components.
BACKGROUND
Accelerators produce particles that diffuse outward from the core of the beam into its halo.
These high-energy particles strike beam-line components. 2 As these high-energy particles (GeV) * interact with matter, such as occurs in the beam magnets and other parts of the SNS structure, they initiate a series of nuclear interactions. These interaction are called "stars." These stars produce secondary particles which also interact with their surrounding matter, producing more stars in a cascade until the particle energies of the stars fall below the thresholds for further nuclear reactions-the megaelectron volt (MeV) level.
Some of these secondary particles escape the beam-line components, causing star cascades in the accelerator tunnel structures and surrounding soil, and activate the adjacent soils used for
shielding. The quantity of activation products in the adjacent berm is proportional to the number of stars produced in the shield's soil minerals and pore water. Analyses show that 99.9% of the curies are contained within the first 4 m perpendicular to the beam tunnel 3 and beyond the outer surface of the tunnel's concrete structure. A general approximation is that the star density decreases by a factor of 10 (10 -1
) for each meter of soil shielding. Table 1 lists the principal isotopes with longer half-lives (>1 year) that are estimated to build up in the shield-berm activation zone, assuming 30 years of continuous operations at 1 MW. This is a very conservative, high estimate because the beam does not operate continuously over its 40 years of projected facility life. Therefore, the estimates of nuclide quantities in Table 2 are much higher than those actually expected. Also, one of the goals of this new facility's design is to significantly reduce beam leakage, which, in turn, should significantly reduce the actual concentrations of these activation products.
This study also assumes that these activation products remain in the matrix of the berm and do not begin moving until the end of the facility's operations. This assumption ensures that this study is based on the maximum credible or "incredible" starting concentrations of activation products.
* A standard unit of permeability equivalent to the passage of 1 cm 3 /s of water at 1 centipoise through a porous media having a cross-sectional area of 1 cm 2 and a depth of 1 cm.
Also, this study assumes that the inventory of activation products within the tunnel's concrete structure does not contribute significantly to the inventory of mobile nuclides. If the shield-berm soils are hydraulically connected to the local groundwater recharge and transport system, there is a potential for these radioactive activation products to migrate into the area's groundwater supply. This potential for migration is the basis of this study.
ESTIMATES AND ASSUMPTIONS OF ACTIVATION PRODUCTS FOR THE PROPOSED LINAC ACCELERATOR TUNNEL SHIELD BERM
The 493-m-long Linac beam, storage ring, and beam transition apparatus are to be contained within 18-ft-square (outside dimension), reinforced concrete tunnels with a total length of 958 m.
These tunnels are to be surrounded with a compacted mixture of local soil, clay, and sand ( Fig. 1 ).
This compacted shield berm is to be at least 4 m thick and will be the primary shielding for the activated beam components and the concrete tunnel structure. The soil mixture will be compacted to a Darcy permeability * of less than 1 × 10 !7 cm/s and will also be a hydrologic barrier to ** A contiguous fluid moved by a pressure gradient. and are based on calculations using the worst-case beam leakage at the high-energy end of this Linac beam, which has protons at 1 GeV with a beam power of 1 MW. His calculations used a reference soil as the model for predicting the activation products and their quantities.
The reference soil used to estimate these nuclide quantities was an Aberdeen marine-deposited soil and is expected to differ from the Copper Ridge dolomite residuum on the ORR. However, the resulting activation products are determined by the elemental composition of a soil. While the soil *A unit of radioactivity, equal to the amount of a radioactive isotope that decays at the rate of 3.7 × 10 10 disintegrations per second (becquerel).
matrix varies greatly between the four alternative sites for SNS, the major constituents of silicon, oxygen, and aluminum are common to all soils. Therefore, the suite of activation products at ORNL, Los Alamos National Laboratory, Argonne National Laboratory, and Brookhaven National Laboratory will not be identical to that at Aberdeen but will be close enough for the intended purpose, which is to investigate the potential impacts of migrating radionuclides from the activation zone around the proposed SNS.
The activation rates are based on projected particle leakage from the highest-energy section of the beam at 1 GeV and are characteristic of the last 20 m of the 493-m-long Linac accelerator, the beam storage ring, and the beam transfer tunnels.
This study conservatively assumed that these highest concentrations of activation products in curies (Ci) * were distributed over the entire length of the beam tunnel with both axial and linear homogeneity. For the nuclides with half-lives $1 year, the calculated results for the last 20 m are summarized in Table 2 . Since the total SNS beam-tunnel system is 958 m long, multiplying the 20-m quantities in the next-to-last column of Table 2 by 47.9 extrapolates these worst-case quantities over the entire length of the accelerator facility ( Table 2 , last column). In the example of the SNS concrete tunnel structures, the coarse aggregate and the cement's high silica content, low permeability, and high alkalinity tenaciously sequester the activation products. Consequently, the activation products in the tunnel's 1 load-bearing structures are not available for transport. Therefore, there is a negligible contribution to the potential environmental risks from nuclides in the SNS concrete tunnel.
POTENTIAL TRANSPORT MECHANISMS AND SIMPLIFYING ASSUMPTIONS
Two conditions make these analyses different from the usual contaminant-transport analyses, which usually involve a spill of external contamination that is carried through porous soils by a flow of percolating groundwater. First, the activation products start from inside the soils' minerals.
Also, in the proposed soils at the Oak Ridge site, advective saturated groundwater flow is not the principal mechanism by which water moves through pores of the soils.
ASSUMPTIONS OF TOTAL CONTAMINANT AVAILABILITY FOR TRANSPORT
Because the radionuclides are produced through activation by high-energy particles scattered from the beam line, contaminants are produced within crystalline structures of the soil's minerals.
These minerals form the finely divided primary soil phases. This phenomenon is the opposite of the classic spill scenario during which the contaminants are carried by percolating water into clean soils and their migration potentials are controlled predominantly by the interactions with the surfaces of the soil minerals. In the SNS activation case, most contaminants start out trapped inside the minerals and must first diffuse through the crystalline solids to their surfaces before groundwater-transport phenomena can begin. Therefore, transport, as in the case of the proposed SNS shield berm into the vadose zone, would be controlled more by the rates of solid-state diffusion of the contaminants out of the soil phases than by the relative partitioning between mineral surfaces and moving groundwater. Based on these SSC data, this study conservatively assumes that over the projected SNS facility life of 40 years and with the fine texture of the currently proposed shield-berm soils, all of the activation products are immediately available for diffusion and subsequent hydraulic transport to the groundwater.
NO ADVECTIVE FLOW THROUGH THE SHIELD BERM
The proposed SNS locations in Oak Ridge are in unsaturated surface soils located above the groundwater table. In the upper unsaturated soil, which is referred to as the vadose zone, the pores are not completely filled with water. The soil particles may be covered with a more-or-less contiguous film of water, but there is also air in the rest of the pore spaces. Therefore, the water in the vadose-area capillaries is not pushed through the soil by a hydraulic pressure gradient; rather, it is drawn through the soil by capillary "wicking." Since the capillary forces are greater in the smaller pores, the ground's moisture is drawn preferentially to the finer-grained soils.
Nevertheless, this study assumes that there can somehow be continuous saturated flow around the outer surface of the shield berm to carry the contaminants to the water table below.
Infrequently, there are seasonal episodes in which the vadose zone at West Chestnut Ridge has become saturated, as have bands of saturation migrating from the surface to the water table. This study assumes the unlikely case that saturated flow is constant. Even in this very extreme case, the Figure 2 If groundwater will flow around, rather than through, the shield berm matrix, releases will be diffusion controlled.
difference in permeability between the berm and the surrounding native soils prevents significant advection through the berm's matrix.
Since the Darcy permeability of the compacted shield berm is estimated be less than 1 × 10 !7 cm/s and the surrounding native soils have permeabilities around 1 × 10 !5 cm/s, the berm is 100 times less permeable than the surrounding soils. Therefore, saturated water transport must go around the berm rather than through it. 5 Figure 2 summarizes this effect.
Hence, even if the surrounding soils could become saturated, no significant advective transport through the berm matrix would occur, because of the relative difference in their permeabilities.
Therefore, any releases to the surrounding groundwater-transport system from the surface of the shield berm must then be controlled by diffusion through the shield-berm matrix to its surface contact with transportable groundwater. 
DIFFUSION FROM SHIELD BERM WITH NO RETARDATION INTO THE SURROUNDING SOIL
If all the nuclides are assumed to be available for transport within the shield-berm matrix, the individual rates of their diffusion will then depend on their interactions or partitioning constants between the berm's solid phases and the free water in the berm's pore structure. The mostcommon expression for this partitioning coefficient is K MB , which expresses the relative amount of a contaminant species adsorbed/absorbed on a soil mineral versus the amount of contaminant dissolved in the free water in contact with the soil. Equation (1) The ubiquitous use of these static values of K MB to describe dynamic contaminant transport in groundwater systems is fraught with difficulty and misconceptions. First, using K MB as an equilibrium constant in dynamic transport models is very tenuous because of the short contact times widely used in K MB measurements. While ion exchange with the surfaces of the mineral phases plays an important role in the adsorption of contaminants, many important common minerals such as smectitic clays have even greater ion-exchange capacities in their internal structures. Since access to these internal ion-exchange sites is limited by slow absorption into these minerals, short-term tests do not always measure their potentially significant contribution to the retardation of contaminant transport. Also, in these measurements, other relatively slow
Eq. (2) mechanisms, such as coprecipitation, mineral component substitution, and secondary mineral formation, are not given enough time to influence the K MB results. When using only a simple partition coefficient, we cannot adequately describe the complex interactions that contaminants can have with soil components. 7 Furthermore, the measurement protocol itself has flaws. With fine-grained soils, particularly with silt and clay phases, the clean separation of the liquid from the soil slurry is very difficult.
The silt and clay particles with high ion-exchange capacities form stubborn, stable colloids that can penetrate or blind most filters and prove very difficult to centrifuge. Since these soil colloids adsorb/absorb a relatively larger fraction of the cationic contaminants, a small contamination of the liquid phase by these soil colloids will strongly affect the analytical results. These colloids will dissolve, releasing their contaminants, during the acid-oxidation digestion step of the sample preparation for ion-coupled plasma or atomic adsorption analyses.
Also, under the shear in this protocol's agitated slurry, the delicate, sometimes gossamer secondary mineral coatings on the soils' primary minerals are torn off, dispersed, and dissolved in the distilled water. These surface-alteration phases, which may include gelatinous hydrosilicate gels and mixed aluminosilicates, have high exchange capacities and can contribute greatly to the retardation of contaminant transport.
Estimating the Retardation Factors and the Diffusion Coefficients
First, K MB is used to define a retardation coefficient that is a ratio of a contaminant's velocity to that of the groundwater which carries it by advection through an open, porous soil. This simple model uses a dimensionless form of K MB as a formal partition coefficient (K) between the stationary solids of the soils and the moving, free pore water. Because the contaminants are moving only when they are partitioned into the moving groundwater, K is a measure of the relative amount of time that the contaminants spend on the sites' stationary soils or in their moving groundwaters.
Equation (2) 
in which where K = a dimensionless contaminant species partition coefficient between pore water and soil-berm minerals;
D b = bulk density of porous soil, g/cm 3 ;
, = average open-pore void fraction (or effective porosity), dimensionless.
This concept of a retardation factor also applies to diffusion processes. In a general sense, a diffusion coefficient, or diffusivity, is a statistical entity describing the relative shift in random molecular movement relative to a concentration gradient within a fluid or solid. Therefore, an "effective diffusion coefficient" (D e ) can legitimately be used to numerically summarize the collective result of simultaneous transport mechanisms in a complex matrix of soil minerals.
In the mineral matrixes of the shield berm, water is in at least four states. Some water is chemically bonded in the mineral structure as waters of hydration. Other (clathrate) water is captured within the crystals or trapped in the silica-alumina hydrogels at the mineral surfaces.
Some water is adsorbed onto the mineral surfaces or constrained within the hydrodynamic boundary of the ionic double layers of the minerals. Finally, in the saturated, open pores, there is "free water." Without advection this pore water is stagnant. Within this stagnant, free water, the contaminants can diffuse from pore to pore and from higher to lower concentrations. The diffusion rates of contaminant species in this free water are controlled by the hydrodynamic radii of the ions with their hydration spheres. For this study, a representative diffusion rate in free water (D f ) of 7 × 10 -6 cm 2 /s was chosen for all species.
As in the advection cases, the contaminants are partitioned between the free pore water and the surfaces of the berm minerals. Therefore, the retardation factor in Eq. (2) can also be used to In this study, the additional factor, tortuosity (J), is also considered to affect the estimates of contaminants D e . Tortuosity is the ratio of the length of the actual diffusion path to the surface divided by the shortest geometric distance to the surface. The soil-berm matrix is a tortuous diffusion labyrinth of diffusion detours around solid minerals. This labyrinth effectively creates obstructions in the direct path to the surface of the shield berm. In this study, the tortuosity was estimated to be 2 for the fine-grained, compacted, native-soil berm. The addition of the tortuosity factor and the full expansion of the definition of the effective diffusion coefficient result in Eq. (5): where J = tortuosity, dimensionless (assuming that J was equal to 2 for the fine, compacted berm soils.) ;
, = average open-pore void fraction, dimensionless.
Using measurements and estimates of K MB for the key isotopes in Table 1 , the effective diffusion coefficients (D e ) and the retardation factors (R) were calculated using Eqs. (5) and (2), respectively. Table 3 summarizes the results of these calculations.
Diffusion-Controlled Contaminant Releases from the Shield Berm
Using the derived effective diffusion coefficient (D e ) from the previous section, the following two diffusion models are applied to the SNS shield berm. The first, and simpler, semiinfinitemedium model is used to calculate the initial release rates up until about 20% of a specific containment is released. After that, the remaining releases to complete depletion are calculated using a "geometry-specific" model. 
Semiinfinite-Medium Diffusion Model
The initial diffusion-controlled release of contaminants from the shield berm is based on the source-term model shown in Eq. (6) . As seen in this model, the surface-to-volume (S:V) ratio of the berm controls the "window" size of contaminant transport into the surrounding environment, and the effective D e controls the rate of transport from within the berm matrix. This general "semiinfinite-medium" equation 8 describes an ever-decreasing release rate with time, 9 This semiinfinite-medium model is accurate during the initial release scenario up to the loss of about 20% of the initial contaminant inventory from within the berm. At higher percentages of release, a geometry-specific model, such as Eq. (7), should be used.
Geometry-Specific Diffusion Model
For cases in this study in which more than 20% of the initial contaminant in the berm matrix is released during the period of interest, a second geometry-specific model is used [Eq. (7)]. This cylinder and sphere diffusion model must be used for many of these cases because (1) some of the * A cylinder, a sphere, and a cube may be related if they have the same surface-to-volume ratio.
Eq. (7) values of D e are large [>10 !11 cm 2 /s (see Table 3 This geometry-specific model describes the diffusion from cylinders 10 and can be used successfully for approximated spheres * as well. This model results from Nestor's analytical solution 10 in cylindrical coordinates. MathCad © calculations using these models on proposed berm shielding for the SNS program are presented in the appendix to this report.
The application of these models severely overestimates the potential releases of the contaminants in Table 1 . Based on conservative values of K MB , these models assume the total availability of the nuclides for transport when many of them are trapped within the soil minerals.
Also, these models assume that throughout the berm matrix, this system is always at equilibrium when intuitively the complex mechanisms of the contaminants' retention cannot be. Finally, because the activation products are not formed uniformly across the length and the radius of the berm, the assumption of a uniform distribution of contaminants within the shield berm at the end of the 30-year SNS operations cannot be possible. Therefore, if the conservative results of these analyses show that the calculated potential concentrations of contaminants are below the regulatory limits, there is a high level of confidence that it is true.
SNS HYDROLOGICAL SETTING AND ASSUMPTIONS
The to an annual turnover of 18,930 m 3 /year. This turnover rate along with the calculated transport rates of the contaminants to the outer surface of the berm was used to calculate the dilution and potential concentrations of contaminants in the groundwater.
While published estimates of the hydraulic conductivity in the vadose zone when it is saturated are less than 0.2 m/year, 11 this study chose to assume that it could be 1 m/year. If so, a packet of percolating water with contaminants from the berm's surface could reach the boundary of the 10-m zone of influence in only 10 years. This also assumes that this near-field zone may be disturbed by construction activities and that there is no retardation of the migration of contaminants by partitioning with the native soils.
DECAY OF ISOTOPES DURING DIFFUSION AND TRANSPORT
These analyses applied isotopic decay factors to account for the radioactive decay of the contaminants in Table 1 , starting at the end of the 30-year operation of the facility and estimated over the diffusion and migration travel times. This is an important factor for those isotopes with high specific activities and short half-lives.
SUMMARY OF ASSUMPTIONS AND THEIR EFFECTS ON THE ANALYSES
This section summarizes the assumptions used in this study and attempts to estimate their impact on the final analyses. The assumptions are as follows:
• Thirty years of continuous operations over a projected life of 40 years results in maximum credible concentration of activation products.
• The buildup of activation products remains stationary until the end of operations.
• While the SNS facility is placed on a very thick, load-bearing concrete pad, the activation and transport analyses in Sects. 4 and 6 conservatively assume that the pad's thickness is the same as the tunnels' thinnest dimension.
• The shield berm is hydraulically connected to the local groundwater recharge and transport system.
• The activation rates are based on the highest-energy section of the SNS beam at 1 GeV.
• These highest activation levels are distributed over the entire length of the SNS beam system and have both linear and axial homogeneity.
• Because of the fine primary particle sizes in the compacted-soil shield berm, all activation products are immediately available for transport.
• There are no significant contributions of activation products from the load-bearing concrete tunnel structure.
• Continuous saturated flow occurs over the outer surface of the shield berm and continuously removes contaminants that diffuse to the surface and are carried to the water table below.
• Movement of contaminants within the berm is controlled by diffusion, which is estimated using a conservative self-diffusion coefficient (D f ) and partition coefficient (K MB ).
• The diffusion models used in this study imply that within the berm matrix the contaminants are instantaneously at equilibrium everywhere within the system (using K MB as an equilibrium constant).
• A representative diffusion rate in free water (D f ) of 7 × 10 !6 cm 2 /s was chosen for all species.
• The tortuosity was estimated to be 2 for the compacted native-soil berm.
• The lower end of the recharge range was chosen in order to minimize the dilution of the potential impacts of contaminant releases and assumes that only about one-fourth of the annual precipitation reaches the water table and that there is no dilution by run-on to the SNS site.
• Travel times within the SNS berm's zone of influence are five times those expected for undisturbed native soils.
• The calculated nuclide concentrations are corrected for radioactive decay from the end of operations and over the contaminant travel times.
• There is no retardation of the contaminant transport in the native soils.
The net effect of this cascade of conservative assumptions throughout these analyses is to conservatively overestimate the potential concentrations in the groundwater below the SNS site.
When the resulting predictions show that the nuclides are below NRC 10 CFR Part 20 DWLs, there is a very high confidence that those limits can never be exceeded during the postoperation period of the facility.
RESULTS
Sample calculations are presented in the appendix, and Table 4 summarizes the results of these assumptions and analyses. Table 5 compares these results with the current NRC and U.S.
Department of Energy (DOE) groundwater guidelines. Since there are pilot studies under way to establish the efficacy of having the NRC regulate some DOE facilities, the NRC 10 CFR Part 20 standards may become the appropriate groundwater guidelines for the SNS facility. Therefore, while 14 C meets the DOE standard, it does not meet the potential future NRC standard.
Without considering the retardation of their migration by the native soils and with these severe assumptions, only 3 of these 12 isotopes have any potential for impacting the quality of the groundwater beyond the 10-m zone of influence of the SNS facility.
In the cases of 22 Na and 54 Mn, which have short half-lives of 2.6 years and 0.854 year, respectively, their retardation factors (R) of 1.6 × 10 !2 and 9.7 × 10 !3 (Table 3) , respectively, ensure that these isotope will decay to levels below concern before they can reach the 10-m boundary. With retardation in the Oak Ridge native soils, the expected travel time would be about 625 and 1000 years, respectively.
In the case of which is only a 22% reduction. However, these increases in travel times would also allow an increase in the contaminant's potential dilution in the groundwater to between 5 and 208 times. These results show that the only nuclide that could be of potential concern is 14 C because of its mobility, long half-life, and high specific activity. Nevertheless, these very conservative analyses
show that it is unlikely that the NRC 10 CFR Part 20 DWLs will be exceeded for any of these activation products from a SNS shield berm made from compacted native soils on the ORR.
The following are recommendations to ensure that the conservative boundary conditions of these analyses are never approached in the actual "as-built" shield berm. Specific admixtures are also suggested as potential options to enhance the retention of 14 C , 22 Na, and 54 Mn in the shield berm to ensure an increased margin of safety.
RECOMMENDED DESIGN MODIFICATIONS AND SUGGESTED LABORATORY MEASUREMENTS
These design recommendations are given in a graded approach from the easiest to implement to the more complex and expensive. The suggested laboratory measurements, using site-specific materials, are to confirm the conservatism of these analyses and to verify the key transport parameters for the 12 activation products of interest.
RECOMMENDED SHIELD-BERM MODIFICATIONS
These shield-berm design modifications include (1) introduction of a "capillary break" to disconnect the outer surface of the shield berm from the local hydraulic transport system, (2) chemical additions to the berm matrix to immobilize specific activation products, and (3) a concentric combination of coarse limestone, fine compacted clay, and coarse limestone. The first two recommendations are essentially needed modifications to the current SNS shield-berm design and address specific potential problems with 14 C, 22 Na, and 54 Mn. The third recommendation suggests a redesign of the shield berm to encompass functional criteria that were not in the original concept.
Crushed Limestone Capillary Break To Isolate Berm from Local Hydrology
Because water transport within the vadose zone is controlled by the size of the fine capillary pores of the soils, the outer surface of the shield berm can be "effectively" disconnected from the surrounding hydrologic transport system by inserting a layer of coarse, crushed limestone.
Protected from the infiltration of fine particles by geomembranes, a coarse limestone layer forms a "capillary break." Any water recharge to the water table traveling through the vadose zone will then "wick" through the fine native soils and around the outside of this coarser layer.
Consequently, this recharge water can never touch the outer surface of the shield berm and there can be no transport of activation products through the vadose zone to the water table.
This simple, inexpensive modification also protects the shield berm from root intrusion, because root buds will follow the moisture that surrounds the SNS berm. Burrowing animals are also thwarted by the difficulty of digging in this coarse limestone barrier. Furthermore, the coarse limestone barrier can also protect the integrity of the shield berm by reducing erosion of the berm matrix during a site flooding from a surface run-on scenario.
Using standard construction practices for storm-runoff drains, this modification is easy to install and requires little maintenance. It is very effective and ensures hydrologic isolation of the SNS shield berm for decades.
Ca(OH)
Eq. (8) 7.1.2 Calcium Hydroxide Berm Additive for 14 
C Retention
These analyses have shown that 14 C is the principal activation product of potential concern, probably because of the low K MB of 10 ( Equation (8) shows the natural "carbonization" of hydrated lime. The water is already in the hydrated lime [also known as "slaked lime" and "chicken lime" (Southern colloquial)]. Below grade, the pore spaces are at a relative humidity that is determined by the finest pore radii of the fine soils. Therefore, water vapor is saturated only within the finest pores of the compacted clay or surrounding soil. Also, in construction, the moisture content of the clay is adjusted to achieve optimum Proctor densities and low permeabilities. In addition, the concrete already has a relatively large inventory of Ca(OH) 2 (portlandite) as a by-product of the cement reactions and has excess pore water from the tempered concrete mix. None of this water is free flowing. It is either bound as crystal water or trapped as pore water.
Calcium hydroxide could be introduced to the SNS shield-berm matrix by mixing it with either "slaked lime" [Ca(OH) 2 ] or "quick lime" (CaO). Because they are strong bases, both materials are hazardous for workers to handle in the field; the latter is much more hazardous than the former.
Nevertheless, they are common agricultural chemicals.
* Note that common sand is quartz, a crystalline, unreactive form of SiO 2 .
The fine compacted clay is from a sodium montmorillonite formation that has been in equilibrium within the thermodynamic stability field associated with its sodium-alumina-silica composition over geological time. By adding calcium and silica, the equilibrium is tipped toward forming phases through slow metamorphism that sequesters the sodium and manganese cations more effectively. It does not take much silica and/or calcium to effect this process for these trace elements.
The minimum constraints the amounts of the silica and calcium additive of affecting homogeneous mixtures with undesiccated materials of different textures depends on the rigor of the mixing technologies to be used. For example, the blending train at the ORR Hydrofracture Facility could achieve excellent homogeneity with minimum additions of 8 to 10 wt % of fly ash to clay, but using a backhoe and a roll-off box to mix these relatively dry materials would require a minimum addition of 14 to 16 wt % of fly ash. Since water is to be added in order to compact the clay, less expensive "conditioned" fly ashes with moisture contents as high as 18 wt % could be used in these blends. This would require as much as 20 wt % as a minimum addition of conditioned fly ash. These choices are driven by economic trade-offs between ease of mixing, process rate requirements, equipment availability, and costs.
Berm Additive for

22
Na and 54
Mn Retention (Amorphous Silica)
While these analyses showed that it is very unlikely that the short-lived nuclides 22 Na and 54 Mn could ever exceed the DWLs, there are inexpensive, readily available additives that could significantly increase the retention of all alkali and transition metals in the berm matrix. For example, the addition of reactive amorphous * silica (SiO 2 ) in the presence of calcium hydroxide and clay minerals results in the formation of insoluble calcium alumina hydrosilicates, which are then extremely effective in sequestering alkali and transition metals. This addition could increase the effective K MB values of these metals by two or more orders of magnitude.
The least expensive sources of reactive silica pozzolans are fly ashes. In the western United
States, the most prevalent sources are American Society of Testing and Materials (ASTM) Class C fly ash, which comes with CaO already in it. In the eastern United States, there is ASTM Class F fly ash with very low levels of CaO. Oak Ridge lies in the power-generation system of the Tennessee Valley Authority, which has generated high quantities of high-quality Class F fly ash.
These can be delivered at a cost of $8 to $12/ton. Other potential sources are volcanic pumice, diatomaceous earth, and burnt rice hulls. These sources can be much more expensive.
The blending constraints for the limes also hold true for these silicas. However, some silicas are much easier to mix and are sometimes added to facilitate the mixing of more difficult fine-solid materials. The silica-addition option should be considered only if the SNS construction plan has already committed to a berm-matrix, material-blending operation. Then the costs of adding the handling and blending complexity of a third component should be compared with the potential benefits of improving the retention of 22 Na and 54 Mn.
Concentric Combination of Coarse Limestone and Compacted Clays
The previous recommended options are intended as "fixes" to the current SNS shield-berm design. However, this recommendation (a concentric combination of coarse limestone and compacted clays) suggests a different design approach, which encompasses a significantly broader range of functional criteria.
The intent of this recommendation is to construct the shield berm from the onset as if the SNS facility were to become a long-term, shallow-land-burial (SLB) site. While this approach increases the initial construction costs of the SNS facility by as much as $20-22 million in year-2000 dollars, the reductions in overall life-cycle costs with regard to future facility decommissioning with year-2050 dollars could greatly outweigh the initial investment.
This recommendation takes advantage of our current knowledge of materials and applies our best construction practices for multiple engineered barriers to contaminant migration from SLB sites. This approach is summarized in Fig. 4 , which depicts the proposed multibarrier system. This approach has several advantages:
• results in uniform and predictable shielding, leaching, and migration characteristics for all the proposed sites;
• effects a defense in depth with multiple shielding, mechanical, and hydraulic barriers;
• applies common construction materials and construction practices that are applicable to all the proposed sites;
• has long-term stability with low maintenance;
• allows monitoring, collection, and treatment of potential contaminant migration; and
• may facilitate public acceptance of the SNS facility. This design, as well as all of the others, uses a thick, reinforced, load-bearing pad to support the SNS tunnel structures and their beam apparatuses. The extra thickness of this concrete pad greatly reduces the formation of activation products in the coarse limestone and native soil below it. For conservatism in the previous activation and transport analyses in Sects. 4, 5, and 6, the concrete pad's thickness was assumed to be the same as the concrete tunnels' thinnest dimension. Fig. 4 , this approach alternates layers of coarse-and fine-grained materials to effect multiple barriers to the hydraulic advection and migration of contaminants from the zone of irradiated shielding closest to the outside surface of the structural concrete of the accelerator tunnel. These same alternating coarse-and fine-grained barriers result in alternating layers that are mechanically semirigid and plastic. This condition then mitigates the propagation of mechanical forces through the barrier system whether from without or within the SNS tunnel structures.
Summarized in
The coarse material to be used in this shield system is common crushed limestone riprap.
Going from the surface of the accelerator tunnel outward, the innermost, coarse, crushed limestone may be gap graded to achieve an average packing density of at least a 50% theoretical limestone density (.2.7 g/cm 3 ) adjacent to the concrete accelerator tunnel. The thickness of the inner, coarse shield barrier is to be determined by shielding calculations, by ease of construction, and by considering that most of the activation products are formed closest to the beam within the first 2 to 3 m.
Since these induced radioactive activation products are distributed throughout the mineral phases, this minimizes the S:V ratio in this coarse inner shielding. By maximizing the size of this crushed limestone, the fraction of contaminants that is available for transport to the biosphere will be minimized. Because the transport of the contaminants from within the limestone to its surface is controlled by solid-state diffusion, the rates at which the radioactive isotopes could be available for transport are several orders of magnitude less than the isotopic decay rates. Therefore, the radioactivity simply decays completely before it can reach the surface of the limestone.
The coarse inner limestone is primarily for neutron shielding with the additional characteristic of sequestering up to 99.99% of the activation products outside the tunnel walls. The coarse limestone also has the capacity to hold these activation products until they decay in 3000 to 5000
years. In addition, it serves a secondary function as a redundant capillary break, preventing leaching of the activation products that form within the concrete of the tunnels themselves.
On the ORR, significant amounts of water are anticipated because of potential heavy rains and sheet flow off the land's surface above the SNS site. Under normal conditions, the actual percolation through the soils around the SNS tunnels is expected to be relatively low. Under upset conditions to the runoff diversion trenches or infiltration of fines into the outer capillary break, the inner limestone could be an important redundant barrier.
The next soft, impermeable layer of compacted clay hydraulically isolates the inner layer of coarse limestone, thus disconnecting it from the local surrounding hydrogeology. This barrier ensures that no transport can occur, even if a contaminant could make its way to the surface of the inner limestone riprap. It is standard shallow-land-disposal (SLD) technology to compact sodium bentonite to a darcy permeability of less than 10 !7 cm/s. Then, relative to the surrounding native soils, which are greater than 10 !5 darcy, there can be no effective advective transport of surface or groundwater through this clay hydraulic barrier to the inner shielding and accelerator tunnel (see Fig. 2 , Sect. 5.2) .
Using well-established principles in waste-burial technology, a second layer of coarse limestone not only mechanically protects the compacted clay layer from burrowing animals and root intrusion but also hydraulically disconnects the compacted clay layer from the transport of moisture in the surrounding native soil. Moisture transport in unsaturated soils or vadose zones is controlled by the capillary wicking through the fine pores. After inserting a coarse layer with a very large pore structure, the transport of water by percolation or transpiration will bypass this shielding system. Water can travel only through the capillary pores of the native soil and thus not be able to jump the coarse capillary break afforded by this outer layer of coarse stone. Therefore, this system of crushed stone and compacted clay effects double mechanical and hydraulic isolations of the inner shielding layer.
To ensure the long-term durability and to aid in the construction of these layered barriers, a geofabric is placed at the interfaces of the coarse stone with the native soils and compacted clay.
This fabric reduces the infiltration of the fine soils and clay into the large pores of the crushed stone and results in a passive, multiple-barrier system that requires very little maintenance.
Finally, should infiltration occur, this system is constructed on a reinforced concrete pad into which leachate collection gutters are formed to collect, monitor, and treat any unexpected leachate.
The inner and outer coarse limestones are connected in order to deal with a transient localized flood from a breach in the cap in a catastrophic erosion scenario or some undiscovered long-term leak in the cooling system inside the tunnels. This connection allows a saturated plug of water to quickly pass out of the inner limestone. This system minimizes the contact time and the potential for leaching of the tunnel walls and the inner limestone surfaces. The short contact times, infinitesimal diffusion-controlled releases, and the high dilutions will still result in acceptable activity levels in the groundwater.
In principle, these thicknesses of the limestone and clay layers will be determined more by the neutron-shielding requirements and the practicality of construction rather than by hydraulic considerations. The configurations tested in these shielding calculations seem to satisfy both shielding requirements for the minimum thicknesses (1.5 to 3 m) that one can reliably install around the rectangular SNS tunnels. With the vertical walls of the tunnels, the slump angles of the loose limestone and clay will not allow the shield to be constructed exactly as in the preliminary design in Fig. 4 . Experienced construction experts will determine the actual final configurations of the layers and their volumes.
Case Studies of Concentric Combinations of Limestone and Compacted Clays
Two concentric shielding configurations were analyzed using the same activation model as that described in Sect. 3 to estimate the concentrations of long-lived activation products within the SNS shield berm. In these two cases, which are described in Table 6 , the thicknesses of the limestone and clay layers shown in Fig. 4 were varied from 1.5 to 3 m. 
Estimates of Activation Products Formed in the Concentric Shield
The conservative estimates of the activation products formed in the proposed concentric shield Tables 7 and 8 by 47.9 extrapolates these worst-case quantities over the entire length of the celerator facility (Tables 9 and 10 , last column).
In case 1, an estimated 4.76 × 10 5 Ci is formed throughout the entire concentric shield. While this is slightly greater than the 3.09 × 10 5 Ci formed in the soil berm, as shown in Table 2 , there is no significant activity in the outer limestone and surrounding soil. Beyond contact with the site hydrology, 99.999% of the activity is contained within the inner limestone and compacted clay.
This configuration affords a very high level of isolation for the activation products. 
Estimates of the Concentrations of Activation Products in the Concentric Shield
Based on the estimated number of curies reported in Sect. 7.1.4.2, the dimensions reported in Table 6 , and the configuration as shown in Fig. 4 , the estimated concentrations were calculated. Tables 9 and 10 show these results. 
Retention of Activation Products in the Inner Limestone
Carbonate minerals, such as limestone, are important sinks for trace elements and control their availability and mobility in natural systems. 12 When the cationic radii of trace elements are 1 nm or less, these elements fit into the crystal latices of carbonate minerals and are sequestered in the insoluble matrix of the mineral. The absorption and retention of trace elements by carbonate minerals have been documented, and the controlling solid-state diffusion mechanism has been established. 13 Solid-state diffusion coefficients in carbonate minerals at ambient temperature have been measured 14 to be near 8 × 10 !20 cm 2 /s.
Using this diffusion coefficient, the releases from coarse limestone were calculated for 3-and 6-in. riprap for 10,000 years. Table 11 summarizes these results. Over 2000 to 5000 years, the diffusion-controlled releases of activation products would range between fractions of 3 × 10 !5 and 1 × 10 !4 of the initial quantity sequestered within the carbonate mineral phases. These very low releases would prevent groundwater concentrations from reaching any of the limits listed in Table 5 . Figure 5 shows a plot of these release-fraction data. This graph illustrates the rates of diffusion, the slope of the lines, and the decrease over time. This decrease reflects the growing depletion layers near the surface of the minerals and the associated slowing of the release rates.
While diffusion slows with time, the radioactive decay of the activation products remains constant. When one combines diffusion and radioactive decay, it is apparent that the chemical release rates are much lower than the decay rates. If the integrity of the limestone is maintained, the result is that the activation products decay before they can diffuse to the surface of the limestone. ORNL DWG 98-6298 Figure 6 illustrates the combined effects of diffusion and decay for 14 C, which has a half-life of 5730 years. As the decay rates overtake the diffusion rates in 3000 to 5000 years, upper limits to the apparent release fractions are reached at 2.8 × 10 !5 to 5.5 × 10 !5 .
Consequently, even if the outer two barriers, the compacted clay, and the outer limestone capillary break or are compromised, the inherent safety of the system is maintained by the very slow diffusion-controlled release of activation products from the inner coarse limestone and the decay of these activation products. This multibarrier, concentric-shield concept results in longterm, effective protection of the environment. 
Revised ORR Shield
Because of the site hydrologic setting of Chestnut Ridge on the ORR, the full implementation of the concentric shielding described in Sect. 7.1.4 is not believed to be required to ensure adequate protection of the local environment. Based on the analyses in this study, an alternative baseline for the design of the proposed ORR SNS facility shielding has been developed that still uses compacted native soils but isolates them from the local hydrology by surrounding the shield berm with a capillary break. Figure 7 shows this concept.
Figure 7 Revised Linac shield-berm concept.
The capillary break around the entire tunnel shielding system of the SNS facility tunnels and its foundations consists of three layers. They are 1.5 m of coarse limestone between two sheets of geofabric, which prevent the infiltration of fine particles from either the surrounding soils or the compacted shield berm. While water vapor can pass through it, the geofabric acts as a fine filter that ensures that the long-term performance of the limestone capillary break is maintained. This encompassing capillary break effectively disconnects the activation products in the compacted-soil shield berm from any potential transport mechanisms into and through the adjacent unsaturated soil of the ORR site vadose zone.
This revised soil-berm concept also incorporates strategically placed drains in the bottom of the capillary break in order to collect and monitor unexpected water under upset conditions to the runoff diversion trenches or catastrophic site erosion and infiltration of fines into the capillary break. If episodic flooding of the capillary break occurs, these drains ensure that the transient water drains away from the inner soil berm before significant leaching can occur. In such a scenario, the water will be sent to a collection basin for monitoring and treatment as required.
This design, as well as all of the others, uses a thick, reinforced, load-bearing pad to support the SNS tunnel structures and their beam apparatuses. The extra thickness of this concrete pad greatly reduces the formation of activation products in the coarse limestone and native soil below it. For conservatism in the previous activation and transport analyses in Sects. 4, 5, and 6, the concrete pad's thickness was assumed to be the same as the concrete tunnels' thinnest dimension.
